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The effect of heart geometry and anisotropy on cardiac re-entry dynamics and
self-termination is studied here in anatomically realistic computer simulations of
human foetal heart. 20 weeks of gestational age human foetal heart isotropic and
anisotropic anatomy models from diffusion tensor MRI data sets are used in the
computer simulations. The fiber orientation angles of the heart were obtained from
the DT-MRI primary eigenvalues. In a spatially homogeneous electrophysiological
mono domain model with the DT-MRI based heart geometries, we initiate simplified
Fitz-Hugh-Nagumo kinetics cardiac re-entry at a prescribed location in a 2D slice,
and in the full 3D anatomy model. In a slice of the heart, the MRI based fiber
anisotropy changes the re-entry dynamics from pinned to anatomical re-entry. In
the full 3D MRI based model, the foetal heart fiber anisotropy changes the re-entry
dynamics from a persistent re-entry to the re-entry self-termination.
The effect of the heart anisotropy and anatomy on cardiac re-entry dynamics,
although difficult to demonstrate in experiment, is well appreciated1, and has
been studied in simplified mathematical and computer models2–5. The Beat-
Box6 High Performance Computing (HPC) cardiac electrophysiology computer
simulation environment allows direct incorporation of the high resolution DT-
MRI heart anatomy data sets into the biophysically and anatomically realistic
computer simulations. In the BeatBox in-silico model, the anisotropy of the
tissue can be switched “on” and “off” to allow for comparison between the
anatomically realistic isotropic and anisotropic conduction, in order to see the
specific pure anatomy effects, as well as the interplay between the anisotropy
and anatomy of an individual heart. In this paper, we present the DT-MRI
based anatomy and myofiber structure realistic computer simulation study of
cardiac re-entry dynamics in the in-silico model of the human foetal heart7.
We demonstrate that, in a 2D slice of the heart, the realistic fiber anisotropy
of the tissue changes cardiac re-entry dynamics from pinned into fast anatom-
ical re-entry. In the full 3D DT-MRI based model, depending on the initial
location of the re-entry, the isotropic geometry of the heart might sustain a
perpetual re-entry even with a positive filament tension; while the same posi-
tive filament tension re-entry initiated at the same location of the foetal heart
with the realistic fiber anisotropy self-terminates within seconds.
I. INTRODUCTION
Since the hypothesis over a century ago that cardiac re-entry underlies cardiac arrhyth-
mias8,9 , and the much later confirmation of the hypothesis in cardiac tissue experiment10,11,
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2FIG. 1. Formed laminar intramural fibres vs chaotic outer-wall regions in a 143 DGA human foetal
heart7, BeatBox6 geometry .bbg format visualisation.
the re-entry (aka spiral wave in 2D, cardiac excitation vortex in 3D), its origin and its role in
sustained arrhythmias and fibrillation, as well as a possibility of its effective control and de-
fibrillation, have been an object of extensive theoretical study and modelling2–4,12–24. From
experiment, it is an established point of view that cardiac arrhythmias are due to a complex
combination of electrophysiological25–27, structural28–31, and anatomical32,33 factors which
sustain cardiac re-entry34–37.
The specific effect of the heart anisotropy and anatomy on cardiac re-entry dynamics
is well appreciated1, and has been studied in simplified models2–5. The recent advance in
DT-MRI technology and High Performance Computing (HPC) allows the obtained DT-MRI
data sets with the detailed heart anatomy and myofiber structure to be directly incorporated
into the anatomically realistic computer simulations6, so that the anisotropy of the tissue
in the in-silico model can be switched on and off to allow for comparison between the
anatomically realistic isotropic and anisotropic conduction in order to see specific anatomy
effects as well as the interplay between the anisotropy and anatomy of an individual heart.
In this paper, we present the DT-MRI based anatomically and myofiber structure realistic
computer simulation study of cardiac re-entry dynamics in the in-silico model of human
foetal heart. We demonstrate that, in a 2D slice of the heart, the realistic fiber anisotropy
might change the re-entry dynamics from pinned to anatomical re-entry.
In the full 3D DT-MRI based model, depending on the location of the re-entry initiation,
the isotropic geometry of the heart might sustain perpetual re-entry even with a positive
filament tension kinetics. While the same positive filament tension re-entry initiated at the
same location of the foetal heart with the realistic fiber anisotropy self-terminates within
seconds.
II. METHODS
A. DT-MRI based anatomy model
The DT-MRI data sets of the 128×128×128 voxels size, with voxel resolution of ∼ 100µm,
of ethically obtained 143 days of gestational age (DGA) human foetal heart7, were converted
3into the BeatBox6 regular Cartesian mesh .bbg geometry format, containing the DT-MRI
cartesian coordinates of the heart tissue points together with the corresponding components
of the diffusion tensor primary eigenvectors6. The .bbg file is an ASCII text file, each line
in which describes a point in a regular mesh in the following format:
x,y,z,status,fibre x,fibre y,fibre z
Here x, y, z are integer Cartesian coordinates of a DT-MRI voxel, status is a flag
with a nonzero-value for a tissue point, and fibre x, fibre y, fibre z are x-, y- and
z-components of the fibre orientation vector at that point. To reduce the size of the .bbg
files, only the tissue points, that is points with nonzero status need to be specified, because
the BeatBox solver will ignore the void points with zero status in any case. Although the
original DT-MRI images data sets had 128 × 128 × 128 voxels size, the actual dimensions
of the foetal heart minimum bounding box were 67× 91× 128, with 181070 tissue points.
The DT-MRI based anatomy models were not segmented, only “tissue”/“not tissue”
points differentiation were taken into account in the computer simulation of cardiac re-
entry dynamics.
The cross section of the DT-MRI based anatomy model in Fig. 1shows that the foetal
heart intramural laminar structure was already formed, although the epicardial, endocardial,
and between the chambers fibers were yet chaotic. The latter offered a unique opportunity
to see if the 20 weeks of gestation age intramural heart structure was capable to support
cardiac re-entry, as it would not be possible for the re-entry to pin to the endocardial fine
features which were yet to be developed later, such as e.g. the pinning to pectinate muscles
junction with crystae terminalis reported in adult human atria35,37,38.
B. Cardiac Tissue Model
To investigate the effects of anatomy on cardiac re-entry dynamics we used monodomain
tissue model with non-flux boundary conditions
∂u
∂t
= f(u) +∇ · Dˆ∇u, (1)
~n · Dˆ∇u
∣∣∣∣
G
= 0,
where u(~r, t) = (u, v)
T
, ~r is the position vector, f(~r, t) = (f, g)
T
is the Fitz-Hugh-Nagumo39
kinetics column-vector
f(u, v) = α−1(u− u3/3− v),
g(u, v) = α (u+ β − γv), (2)
with the parameter values α = 0.3, β = 0.68, γ = 0.5, which in an infinite excitable
medium support a rigidly rotating vortex with positive filament tension40; Dˆ = QPˆ , where
Q = diag(1, 0) =
[
1 0
0 0
]
is the matrix of the relative diffusion coefficients for u and v
components, and Pˆ = [Pjk] ∈ R3×3 is the u component diffusion tensor, which has only two
different eigenvalues: the bigger, simple eigenvalue P‖ corresponding to the direction along
the tissue fibers, and the smaller, double eigenvalue P⊥, corresponding to the directions
across the fibres, so that
Pjk = P⊥δjk +
(
P‖ − P⊥
)
fjfk, (3)
where ~f = (fk) is the unit vector of the fiber direction; ~n is the vector normal to the tissue
boundary G. In the isotropic simulation, P‖ and P⊥ values were fixed at P‖ = P⊥ = 1. In
the anisotropic simulations, P‖ and P⊥ values were fixed at P‖ = 2, P⊥ = 0.5.
4All the computer simulations presented here were done using the BeatBox6 software pack-
age with the explicit time-step Euler scheme, on the Cartesian regular grid with space step
discretization ∆x = 0.1, time step discretisation ∆t = 0.001; 5-point stencil for isotropic,
and 9-point stencil for anisotropic Laplacian approximation in 2D simulations; 7-point sten-
cil for isotropic, and 27-point stencil for anisotropic Laplacian approximation in 3D simula-
tions. The re-entry was initiated by the phase distribution method41: in the 2D simulations,
at a prescribed location of the cross section of the DT-MRI based anatomical model; in the
3D simulations, at a prescribed location of the full DT-MRI based whole heart anatomical
model.
III. RESULTS
A. 2D MRI-based “slice” simulations
In the 2D simulations, Fig. 2, a counter-clockwise re-entry was initiated by the phase
distribution method41, with the initial center of rotation placed at the prescribed location
x0 = 40, y0 = 60 in the 2D cross section of the DT-MRI based anatomical model shown in
Fig. 1.
In the Fig. 2(a-b), it can be seen that in both isotropic and anisotropic 2D simulations,
at t = 0, there was identical location of the initial re-entry rotation center: roughly in the
middle of the slice, in the vicinity of the septum cuneiform opening.
Fig. 2(a) shows the isotropic dynamics of the re-entry, that is with the fiber orientation
data “turned OFF”, so that only the geometry of the isotropic homogeneous slice affects
the dynamics of the re-entry. While it is known that in an infinite medium the chosen
FHN kinetics parameter values α = 0.3, β = 0.68, γ = 0.5 produce rigidly rotating spiral39,
the anatomically realistic boundaries of the foetal heart cause the drift of the re-entry.
The re-entry does not terminate because of the resonant reflection from the inexcitable
boundaries19, but after the transient first rotation around the septum cuneiform opening,
the tip of the re-entry firmly pins to the sharp lower end of the cuneiform opening, see
Fig. 2(a).
Fig. 2(b) shows the anisotropic dynamics of the re-entry, that is with the fiber orientation
data “turned ON”, so that both the anatomically realistic geometry and the anisotropy of
the otherwise homogeneous slice of the heart affect the dynamics of the re-entry, causing
its drift. In the anisotropic slice, the re-entry also does not terminate at the inexcitable
boundaries, but after the faster than in the isotropic case, see the a.u. time labels in the
Fig. 2(a-b), transient first rotation around the septum cuneiform opening, the anatomically
realistic anisotropy of the medium turns the initial spiral wave into the fast anatomical
re-entry around the septum cuneiform opening, see Fig. 2(b).
B. 3D Whole heart MRI-based simulations
In the 3D whole heart MRI-based simulations shown in the Fig. 3 and Fig. 4, a counter-
clockwise excitation vortex was initiated by the phase distribution method41, with the initial
position of the transmural vortex filament (yellow line) at the prescribed location along the
x axis at y0 = 40, z0 = 60.
It can be seen in Fig. 3 and Fig. 4 that in the both the isotropic and the anisotropic
3D simulations, at t = 0, there was the identical location of the transmural filament of the
excitation vortex: that is transmurally, roughly in the middle through the ventricles of the
foetal heart.
Fig. 3 shows the isotropic dynamics of the excitation vortex, that is with the fiber orienta-
tion data “turned OFF”, so that only the geometry of the otherwise isotropic homogeneous
foetal heart affects the dynamics of the vortex. It is known that the chosen FHN kinetics
5parameter values α = 0.3, β = 0.68, γ = 0.5 produce rigidly rotating vortex with the posi-
tive filament tension40, which, depending on the topology, either collapses or straightens up
between the opposite boundaries of the excitable medium. In the 3D anatomically realistic
isotropic simulations of the foetal heart, the anatomically realistic boundaries of the heart
cause the drift of the excitation vortex, and, depending on the initial position of the vortex
filament, vortices with the positive filament tension tend to collapse. However, there exist
initial locations of the excitation vortex, which although result in the drift of the vortex,
still do not lead to the expected collapse of the vortex with the positive filament tension.
One of such outcomes is shown in the Fig. 3. Here, following the geometry of the heart,
after a very short transient the initial vortex filament breaks into the two short pieces each
of which finds its own synchronous perpetual pathway, resulting in the perpetual cardiac
re-entry in the foetal heart, see Fig. 3.
Fig. 4 shows the anisotropic dynamics of the excitation vortex, that is with the fiber
orientation data “turned ON”, so that both the anatomically realistic geometry and the
anisotropy of the otherwise homogeneous foetal heart affect the dynamics of the initial
vortex.
In the 3D anatomically realistic simulation of the anisotropic foetal heart, the anisotropy
of the heart causes fast transient distortion of the vortex filament and the drift towards the
inexcitable boundary of the heart, which ultimately results in the fast self-termination of
the excitation vortex, see Fig. 4.
IV. DISCUSSION AND FUTURE DIRECTIONS
Although the role of the heart anatomy and anisotropy in the origin and sustainability
of cardiac arrhythmias has been appreciated for a long time, the experimental evidence
capable to clarify the detail of the effects of the heart anatomy on the persistent cardiac
arrhythmias and fibrillation are limited. Combination of the High Performance Computing
with the high-resolution DT-MRI based anatomy models of the heart allows anatomically
realistic in-silico testing of the effects of individual heart anatomy and anisotropy on the
cardiac re-entry dynamics6,38,42.
In this paper, for the first time, we present the anatomy and myofiber structure realistic
computer simulation study of the cardiac re-entry dynamics in the DT-MRI based model
of the human foetal heart7. The comparative isotropic vs anisotropic simulation of the
otherwise homogeneous foetal heart shows that, in the 2D slice of the heart, the realistic
fiber anisotropy might change the re-entry dynamics from pinning to the sharp end of the
septum cuneiform opening, Fig. 2(a), into a fast anatomical re-entry around the opening,
Fig. 2(b). In the 3D DT-MRI based isotropic model of the foetal heart, depending on the
initial location of the organising filament of the excitation vortex, the geometry of the heart
on its own might sustain perpetual cardiac re-entry even with a positive filament tension,
Fig. 3. However, if the same positive filament tension vortex is initiated at the exactly same
location in the full anisotropic 3D DT-MRI based model of the heart, the realistic fiber
structure of the foetal heart facilitates fast self-termination of cardiac re-entry, Fig. 4.
The BeatBox DT-MRI based in-silico model comparative study confirms the cardiac
anatomy and anisotropy functional effect on cardiac re-entry sustainability as opposed to its
self termination, the pinning of the re-entry to anatomical features, its transformation from
pinned to anatomical re-entry, and the re-entry self-termination caused by the anisotropy
of the tissue.
One of the limitations of the present study is the use of the simplified Fitz-Hugh-
Nagumo39 excitation model Eq. (2). The simplified FHN model with the excitation kinetics
parameters α = 0.3, β = 0.68, γ = 0.5, which, in an infinite homogeneous isotropic excitable
medium, supports a rigidly rotating vortex with positive filament tension40, was chosen for
this study in order to eliminate the effects of realistic cell excitation kinetics, such as e.g.
meander39, alternans43, negative filament tension40, etc., in order to enhance and highlight
the pure effects of the heart anatomy and anisotropy on the cardiac re-entry outcome. The
6realistic cell excitation models should be used in the future studies, in order to clarify the
particular effects and interplay of the cell excitation kinetics with the heart anatomy and
anisotropy.
As it can be seen from Fig. 1, formation of the fiber structure at the epicardium and
endocardium is not completed yet in the foetal heart7, so that only the already formed
intramural laminar structure of the fibers can affect the dynamics of cardiac re-entry. Al-
though the use of the not fully formed foetal heart can be seen as a limitation of the study,
on the other hand, it may be said that the chaotic epicardium and endocardium fiber ori-
entation prevents the foetal heart re-entry from pinning to the fine anatomical features
which were yet to be developed at the endocardium later on, such as e.g. the reported
pinning of cardiac re-entry to the junction of pectinate muscles with crystae terminalis in
adult human atrium35,37,38. That is, although it is possible to initiate a cardiac re-entry
in the tiny 1.4g (at 143 DGA) foetal heart7, the already formed intramural laminar fiber
anisotropy of the foetal heart facilitates the re-entry self-termination, Fig. 4. With the
hindsight of the present study, in a fully formed adult heart, because of the presence of the
pinning opportunities provided by the endocardium anatomical features35,37,38, there must
exist additional mechanisms to facilitate cardiac re-entry self-termination44.
The most serious limitation of the study is that the DT-MRI based anatomy model
was not segmented, only the “tissue”/“not tissue” points differentiation was taken into
account in the BeatBox6 computer simulation of the cardiac re-entry dynamics, while for
sure the heart collagen skeleton would have prevented the re-entry free propagation from
ventricles to atria and back. The realistic segmentation of the heart, with the account of
the heart collagen skeleton, will inevitably change the outcome of the re-entry, by adding
additional electrically impermeable anatomical barriers to the possibility of cardiac re-entry
perpetuity shown in Fig. 3. Currently, the realistic tissue segmentation is acquired from DT-
MRI data sets via complex image post-processing45,46, which limits the available segmented
DT-MRI cardiac anatomy data sets. In the future, the multichannel computer tomography
might offer an automatic tissue segmentation, so that the segmented DT-MRI based heart
anatomy models might become more available, and be used in the BeatBox6 anatomically
and biophysically realistic simulations of cardiac re-entry dynamics.
V. SUPPLEMENTARY MATERIAL
Video S1 Movie illustration to Fig. 2(a). (MPG)
Video S2 Movie illustration to Fig. 2(b). (MPG)
Video S3 Movie illustration to Fig. 3. (MPG)
Video S4 Movie illustration to Fig. 4. (MPG)
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FIG. 2. Anisotropy effect in the 2D slice simulations, time shown in arbitrary time units
under each panel. a) Isotropic conduction: after the transient first rotation around the septum
cuneiform opening, the slow excitation re-entry pins to the sharp low end of the opening in the foetal
heart; see also movie S1 in the Supplementary Material section V; b) Anisotropic conduction: after
the fast transient first rotation around the septum cuneiform opening, the anisotropy of the foetal
heart turns the initial spiral wave into the fast anatomical re-entry around the septum cuneiform
opening; see also movie S2 in the Supplementary Material section V.
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FIG. 3. Isotropic whole heart simulation. The translucent foetal heart is shown in blue,
excitation front shown in red, the yellow lines are the instant organising filaments of the excitation
vortices; time shown in arbitrary time units under each panel. After a short transient the organising
filament of the initial vortex breaks into the two short pieces each of which finds its own synchronous
perpetual pathway, resulting in the perpetual cardiac re-entry in the foetal heart. See also movie
S3 in the Supplementary Material section V.
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FIG. 4. Anisotropic whole heart simulation. The translucent foetal heart is shown in blue,
excitation front shown in red, the yellow lines are the instant organising filaments of the excitation
vortices; time shown in arbitrary time units under each panel. The anisotropy of the heart causes
the fast transient distortion of the organising filament of the initial excitation vortex and drift
towards the inexcitable boundary of the heart, ultimately resulting in the very fast self termination
of the excitation vortex. See also movie S4 in the Supplementary Material section V.
